OBJECTIVES: Type 1a endoleak is one of the most severe complications after thoracic endovascular aortic repair (TEVAR), because it carries the risk of aortic rupture. The association between bird-beak configuration and Type 1a endoleak remains unclear. The purpose of this study was to analyse the predictors of Type 1a endoleak following Zone 1 and Zone 2 TEVAR, with a particular focus on the effect of birdbeak configuration.
INTRODUCTION
Despite recent developments in surgical techniques and perioperative management, conventional open surgical repair for thoracic aortic disease has remained a high-risk procedure, particularly, in elderly patients with significant comorbidities [1] [2] [3] [4] . Recently, some studies have reported that hybrid thoracic endovascular aortic repair (TEVAR) for thoracic aortic pathologies is associated with improved short-and mid-term results [5] [6] [7] . Consequently, the indications for hybrid TEVAR have been gradually extended. However, hybrid TEVAR is difficult to perform, because the thoracic aorta does not provide an adequate proximal landing zone (LZ). Several studies have described how an inappropriate proximal LZ causes Type 1a endoleak, which is the most severe complication, because it carries with it a risk of aortic rupture. Previous studies had reported that a bird-beak configuration could increase the chance of Type 1a endoleak [8] [9] [10] [11] . However, the correlation between the bird-beak configuration and Type 1a endoleak is still not clear. The purpose of this study was to analyse the predictors of Type 1a endoleak following Zone 1 and 2 TEVAR, with a particular focus on the effect of bird-beak configuration.
MATERIALS AND METHODS

Patient characteristics
From April 2008 to July 2015, 383 patients underwent arch repairs by hybrid TEVAR at our institute. We excluded 248 patients who underwent Zone 0 landing hybrid TEVAR or hybrid TEVAR using a home-made stent graft and patients who had a concomitant procedure. In addition, 30 patients who were followed up for <1 year were excluded. We reviewed 105 patients who underwent Zone 1 or 2 landing TEVAR. The 105 patients were categorized into 2 groups, according to the presence (Group B) or absence (Group N) of bird-beak configuration on the first postoperative multidetector computed tomography (MDCT Relay Plus (Bolton Medical, Inc., Sunrise, FL, USA) was used in 11 (10.5%) patients and a Bolton Relay NBS (Bolton Medical, Inc.) was used in 10 (9.5%) patients. These stent grafts were categorized into 2 groups according to the stent graft frame (Z-stent group and non-Z-stent group). The Z-stent group included 39 (37.1%) patients with Medtronic Valiant, Cook Zenith TX2, Bolton Relay Plus and Bolton Relay NBS stent grafts. In addition, we divided patients into 2 groups according to the use of a proximal bare stent (bare group and non-bare group). Fifteen (14.3%) patients had a proximal bare stent, including the Medtronic Valiant and Bolton Relay Plus (Table 1 ).
Modality and measurements
All patients underwent contrast-enhanced MDCT with 3D reconstruction using an image processing workstation (Aquarius Intuition, TeraRecon, San Mateo, CA, USA) to evaluate the adequacy of the proximal and distal LZs, the inflow artery, the aortic arch and the access route prior to the operations. MDCT images were acquired with a slice thickness of <1 mm. Routine follow-up with MDCT was performed within 1 week before discharge and at 6 months after the procedure and yearly thereafter. The data were reviewed by experienced radiologists and cardiovascular surgeons in a blinded manner.
The proximal LZ, aortic angulations and bird beak were measured with the 3D workstation using pre-and postoperative MDCT. These data are listed in Table 2 . The bird-beak configuration was defined as a lack of apposition of the proximal stent graft to the aortic wall along the lesser curve. The length of the bird beak was measured from the cross-section view of the proximal stent graft tip to the cross-sectional view of the entire stent graft circumference apposed to the lesser aortic wall [8] [9] [10] [11] [12] . A bird-beak configuration was defined as over 3 mm in length (Fig. 1A) , and bird-beak progression was defined as an extension longer than 3 mm in length from the time when the bird beak was formed to the last postoperative MDCT (Fig. 1B) . The aortic angulation was measured by calculating the radius of the aortic arch curvature. We drew the circles along the inner and outer curves of the aortic arch. The radius of the aortic arch curvature was considered to be the centre line radius of curvature, calculated as the radius of the inner and outer curves (Fig. 1D) . The angle of the bird beak was defined as the angle of the wedgeshaped gap between the undersurface of the stent graft and the surface of the lesser aortic arch curvature (Fig. 1C ) [8] [9] [10] [11] [12] .
Treatment strategy
All patients underwent contrast-enhanced MDCT to evaluate the adequacy of the proximal and distal LZs, the inflow artery, the aortic arch and the access route prior to the operations. We defined the appropriate proximal LZ to be one that is longer than 15 mm in length from the inflow artery and between 18 and 42 mm in diameter. We oversized our stent grafts to be 10-20% wider in diameter than the LZ. At our institute, we selected the proximal LZ very carefully in all cases to prevent stroke, Data are represented as mean ± standard deviation. Group B: presence of bird-beak configuration on the first postoperative MDCT (n = 32); Group N: absence of bird-beak configuration on the first postoperative MDCT (n = 73). DAA: dissecting aortic aneurysm; MDCT: multi-detector computed tomography.
retrograde Type A dissections and Type 1a endoleaks. In the arch area, when an adequate LZ was present, we performed Zone 1 or 2 landing TEVAR [13] .
Debranching procedure
The Zone 1 patients received an extra-anatomical bypass from the right axillary artery to the left common carotid artery and the left axillary artery using a T-shaped, ringed 8-mm expanded polytetrafluoroethylene graft. Patients requiring Zone 2 landing underwent intentional covering of the left subclavian artery without revascularization or extra-anatomical bypass [13] .
Follow-up
Follow-up was performed during patient visits and through telephone interviews with the patients or their families. We followed up with the patients at least once every 3 months for the first year and every 6 months or 1 year thereafter at our department or affiliated hospital. We confirmed every patient death through telephone interviews with their families. Endoleaks and bird-beak configurations and their progression were estimated by postoperative MDCT.
Statistical analysis
Continuous variables are presented as means ± standard deviations and were compared with the use of Welch's t-test. Categorical variables are presented as frequencies with percentages and were compared with the use of Fisher's exact test. Curves for overall survival and freedom from aorta-related death, aortic events, bird-beak progression and Type 1a endoleaks were estimated with the use of the Kaplan-Meier product-limit method and compared with the use of the log-rank test. Univariable and multivariable logistic regression analyses were performed to examine the risk factors for bird-beak configuration on the first postoperative MDCT. Univariable and multivariable Cox proportional hazards regression analyses were performed to examine the risk factors for Type 1a endoleak throughout the follow-up period. The risk factors that were found to have P-values <0.1 in the univariable logistic regression and Cox's proportional hazards regression analyses were incorporated into the corresponding multivariable analyses. All P-values were 2-sided, and P-values <0.05 were considered to indicate statistical significance. All statistical analyses were performed with JMP statistical software version 11.2.0 (SAS Institute Inc., Cary, NC, USA).
RESULTS
Basic characteristics of the groups
Mean patient age at the time of surgery was 68.6 ± 10.3 (range 42-90) years, 83 (79.0%) patients were male and the mean logistic EuroSCORE was 15.7 ± 11.8% (range 4.7-72.8%). The pathologies consisted of thoracic aortic aneurysm in 72 (68.6%) patients and dissecting aortic aneurysm (DAA) in 33 (31.4%) patients. Emergency procedures were performed in 9 (8.6%) patients. Of the 105 patients, 32 (30.5%) patients had a bird-beak configuration. Patients in Group B were younger than those in Group N (P = 0.038). In addition, Group B had fewer patients with DAA than Group N (P = 0.002). The patients' risk factors are listed in Table 1 .
Preoperative multidetector computed tomography measurement
The mean maximum aneurysm diameter was 53.2 ± 11.0 mm. The mean diameter of the proximal LZ was 31.0 ± 3.5 mm. The mean length of the proximal LZ at the lesser curvature was 18.4 ± 4.1 mm. The mean radius of the inner curvature of the aortic arch was 24.0 ± 8.2 mm. The radius of the inner curvature in Group B was significantly shorter than that in Group N ( Table 2) . 
Surgical procedures and stent grafts
The operative data are listed in Table 3 . All procedures were performed successfully. The mean operative time was 158 ± 53 min. Thirty-seven (35.2%) patients underwent Zone 1 landing TEVAR and 68 (64.8%) patients underwent Zone 2 landing TEVAR. The diameter of the proximal stent graft was 35.6 ± 3.8 mm. An average of 1.4 devices was used. The total length of the stent graft was 160 ± 53 mm. The rate of stent graft oversizing was 15.1 ± 5.5%. No significant differences were found between the 2 groups ( Table 1) .
Details of postoperative anatomy on the first and last postoperative multidetector computed tomographies
On the first postoperative MDCT, the mean diameter of the proximal LZ was 32.8 ± 3.7 mm. The mean length and angle of the bird beak was 2.0 ± 3.4 mm and 10.3 ± 16.8 , respectively. On the last postoperative MDCT, the mean diameter of the proximal LZ was 34.3 ± 4.0 mm. The mean length and angle of the bird beak was 3.5 ± 5.8 mm and 14.2 ± 19.3 , respectively. The mean length of the bird beak in Group B was significantly longer than that in Group N and the mean length and angle of the bird beak in Group B was larger than that in Group N. Twenty-two (21.0%) patients had bird-beak progression. The mean speed of bird-beak progression was 0.4 ± 0.8 mm/year. The mean speed of bird-beak progression in Group B was significantly faster than that in Group N ( Table 2) .
Early results
Early results are summarized in Table 3 . No 30-day mortality or in-hospital deaths occurred. There was only 1 case of postoperative complication (stroke), and there were 2 Type 1b endoleaks (1.9%) and 4 Type 2 endoleaks (3.8%). However, there was no Type 1a endoleak. There were no patients with bird-beak configuration in the proximal bare stent group.
Late results
The mean follow-up period was 4.3 ± 1.9 (range 1.0-8.2) years. The last follow-up date was 30 August 2016. Ninety-six (91.4%) patients were available for follow-up. Figure 2A shows the Kaplan-Meier curve indicating the cumulative survival. The survival rate at 1, 3, 5 and 7 years was 100%, 90.3%, 88.5% and 88.5%, respectively. During the follow-up period, there were 10 late deaths. There were no aorta-related deaths (Fig. 2B) . Figure 2C shows the KaplanMeier curves indicating the aortic events. The aortic event-free rate at 1, 3, 5 and 7 years was 97.1%, 93.7%, 85.3% and 85.3%, respectively. During the follow-up period, there were 14 endoleaks. A late Type 1a endoleak occurred in 4 patients at 3.4, 3.8, 4.0 and 4.2 years after the procedure, respectively. There were no recorded cases of retrograde Type A dissection or aortic rupture. Two patients with Type 1a endoleak were successfully treated with open surgical repair, while 1 patient underwent a total endovascular aortic repair using a Bolton double-branch system. An additional Type 1a endoleak case was followed without additional intervention. Six patients with Type 1b endoleak were successfully treated with additional TEVAR. Figure 3A shows the Kaplan-Meier curve indicating the rate of Type 1a endoleaks for each group. The endoleak-free rate was significantly lower in Group B, with a 1-, 3-and 5-year event-free rate of 100%, 100% and 79.7%, respectively (P = 0.007). There was no evidence of Type 1a endoleaks in Group N in the long term.
Freedom from Type 1a endoleak
Freedom from bird-beak progression
Twenty-two (21.0%) patients had bird-beak progression. Among them, 13 patients were in Group B and 9 patients were in Group N. Figure 3B shows the Kaplan-Meier bird-beak progression-free curves stratified by group. The event-free rate was significantly lower in Group B, with a 1-, 3-and 5-year progression-free rate of 86.2%, 70.5%, and 39.2%, respectively (P = 0.002). In the cases with bird-beak progression, the speed of bird-beak progression in Group B and Group N were 0.8 ± 1.2 mm/year and 0.1 ± 0.4 mm/year, respectively. The speed of bird-beak progression was higher in Group B than in Group N (P < 0.001).
Risk factors for bird-beak configuration on the first postoperative multidetector computed tomography
The patient with a proximal bare stent had no bird-beak configuration on the first postoperative MDCT. Univariable and multivariable logistic regression analyses showed that DAA (odds ratio 3.72, 95% confidence interval 1.30-11.0; P = 0.014) and a shorter radius of inner curvature (odds ratio 1.09, 95% confidence interval 0.85-0.99; P = 0.025) were significantly associated with the occurrence of bird-beak configuration on the first postoperative MDCT (Table 4) .
Risk factors for bird-beak progression
The patient with a proximal bare stent had no bird-beak progression. Univariable and multivariable Cox proportional hazard regression analyses showed that Z-type stent graft (hazard ratio 2.69, 95% confidence interval 1.11-6.51; P = 0.030) was a significant risk factor for bird-beak progression (Table 5) .
DISUCUSSION
Thoracic aortic pathologies are complex diseases that are extremely difficult to treat and their conventional treatment is associated with significant mortality and morbidity. Therefore, many patients present with cases that are inoperable [14, 15] . TEVAR was introduced less than 25 years ago as a minimally invasive technique, and hybrid arch repair using TEAVR has the potential to be an alternative to conventional total arch replacement in high-risk patients [5, 13, 16, 17] . However, there are still significant problems with this procedure such as stroke, retrograde Type A dissection and Type 1a endoleak [13, 15, [18] [19] [20] . One of the most severe complications is Type 1a endoleak due to the possibility of aortic rupture. In an effort to avoid complications, we selected the proximal LZ very carefully in all cases. We defined the appropriate proximal LZ to be longer than 15 mm in length from the inflow artery and between 18 and 42 mm in diameter in an effort to prevent Type 1a endoleak. If this criterion was not met, we elected to perform Zone 0 landing hybrid TEVAR [13] . The early and late results of our study were acceptable; there were no 30-day mortalities or in-hospital deaths, and there was only 1 case of postoperative stroke. There were no cases of retrograde Type A dissection or aortic rupture. However, late Type 1a endoleak was found in 4 patients.
The bird-beak configuration was found on the first postoperative MDCT in 32 (30.5%) patients, and the risk factors were DAA (P = 0.014) and a shorter radius of inner curvature (P = 0.025). Previous studies reported that insufficient oversizing of the stent graft, a shorter radius of aortic arch curvature and a short length of proximal LZ were found to be risk factors for bird-beak configuration [21, 22] . From an anatomical point of view, it is conceivable that bird-beak configuration is more often observed in patients with an angulated aortic arch such as younger DAA patients with smaller inner curvature radii. In contrast, our study found no association between insufficient oversizing of the stent graft and short proximal LZs with a bird-beak appearance. However, interestingly, we found that patients who were treated with stent grafts with proximal bare stents had no incidences of bird-beak configuration on the first postoperative MDCT. To prevent bird-beak configuration, some reports have suggested that such patients may benefit from non-Z stent grafts designed to conform to the aortic arch such as the Gore TAG and CTAG. This study indicated that there is no significant difference in the incidence of bird beaks between Z-stents and non-Z-stents. Excluding Z-type stent grafts with proximal bare stent, 13 (54.2%) patients using Z-stents, however, had bird-beak configuration on the first postoperative MDCT. We considered that the proximal bare stent helped the graft to conform to the aortic arch curvature and provide better wall apposition. There has been no report that progression of bird-beak configuration. In this study, Z-type stent graft (P = 0.030) was the only risk factor for bird-beak progression. Because Z-stents have bigger frames than non-Z stents, we suspected that it was more difficult for them to follow the aortic arch's curvature and that migration was likely to occur during follow-up. Indeed, stent graft migration occurred more frequently in patients with Z-stents.
Several studies have reported that there are numerous factors associated with the increased risk for Type 1a endoleak. In our study, the bird-beak length was easy to extend, if the bird-beak configuration once appeared. For this reason, we considered that the proximal LZ disappeared gradually and Type 1a endoleak has occurred. From our study, we found that it is important to avoid first bird-beak configuration to prevent Type 1a endoleaks, because there was no evidence of Type 1a endoleak in patients without bird-beak configuration on the first postoperative MDCT. However, we should pay attention to the possible complications such as retrograde Type A dissection and cerebral infarction. Moreover, we think that Type 1a endoleak can be prevented using non-Z-stents when stent grafts with proximal bare stents cannot be used.
CONCLUSION
It is important to prevent Type 1a endoleak, because it is one of the most severe complications possible. All patients with Type 1a endoleak had bird-beak configuration on the first postoperative MDCT and subsequent bird-beak progression. We should be careful in following up patients with bird-beak configuration on the first postoperative MDCT, because there is a possibility that a subsequent Type 1a endoleak could occur.
